Bombyx mori silk fiber-reinforced polypropylene (PP) matrix and E-glass fiber-reinforced PP matrix composites were fabricated using compression molding. The prepared silk/PP composite tensile strength (TS), bending strength (BS), and impact strength (IS) were 55.1 MPa, 56.3 MPa, and 17 kJ/m 2 , respectively. E-glass fiber-reinforced PP matrix composites were fabricated in the same way and TS, BS, and IS values of these composites were 128.7 MPa, 141.6 MPa, and 19 kJ/m 2 , respectively. Environmental degradation of the composites showed that silk/PP composites degrade faster. Other degradation studies like thermal aging and soil degradation tests also gave similar result.
Introduction
A composite is a material which is made by combining two or more dissimilar materials in such a way that the resultant material is endowed with properties superior to any of its parental ones. Environmentfriendly composites are made by reinforcing natural fibers/fabrics. [1] [2] [3] A lot of work has been done by many researchers on the composites based on natural and synthetic fibers. [4] [5] [6] But both these fibers have advantages and drawbacks. Synthetic fiber-reinforced thermoplastic composites give better mechanical properties than those made by natural fiber, but they are not environment friendly.
Silks are fibrous proteins which are spun into fibers by a variety of insects and spiders. 7 They have repetitive protein sequences. 8 The cocoon silk from Bombyx mori contains two structural fibroin filaments coated with a family of glue-like sericin proteins, resulting in a single thread having a diameter 10-25 mm and consisting of two core fibroin fibers 5-10 mm in diameter. Fibroin has high proportions of amino acids: alanine, glycine, and serine. A small amount of cystine residues give a very small amount of sulfur in the fiber. Fibroin also contains amino acids, which have acid side chains. The mechanical properties of silk fibers consist of a combination of high strength, extensibility, and compressibility. [9] [10] [11] [12] Due to these properties, natural silk fiber-reinforced thermoplastic composites can replace synthetic fiber-reinforced thermoplastic composites.
Among all the synthetic fibers, glass fibers are being used widely due to their low cost and comparatively better physico-mechanical properties. E-glass (54.3SiO 2 -15.2Al 2 O 3 -17.2CaO-4.7MgO-8.0BO-0.6Na 2 O) is the most widely used glass fiber and it can maintain its properties up to 815
C. E-glass fibers are often preferred as reinforcement in a polymer matrix due to their higher strain to failure, better impact resistance, good fatigue life, good corrosion resistance, etc., in most common environments. Regular fiber glasses have end uses as mats, insulation, reinforcement, sound absorption, heat-resistant fabrics, corrosion-resistant fabrics, and high-strength fabrics. Corrugated fiberglass panels are also widely used in outdoor canopy or greenhouse construction. 13, 14 As a matrix material, polypropylene (PP) has some excellent characteristics suitable for composite fabrication. PP is a thermoplastic polymer and it possesses several useful properties such as transparency, dimensional stability, flame resistance, high heat distortion temperature, and high impact strength (IS) and these widen its application. PP is also very suitable for filling, reinforcing, and blending.
The performance of composites depends on the selection of the constituent materials. The reinforcing fiber length, [15] [16] [17] fiber content, [18] [19] [20] fiber retting degree, 21, 22 and decortication stage 22 are also factors affecting the mechanical properties of a composite.
The present investigation deals with one of the strongest natural fibers, silk, and strong synthetic E-glass fiber to prepare composites with thermoplastic PP and to find out whether strong natural silk fiber can produce composites of almost similar strength like E-glass/PP composite. Bangladesh is currently one of the largest silk-producing countries and that is why silk was used as one of the strongest natural fibers in this study. The mechanical properties of silk fiber/PP composites were compared over the E-glass fiber/PP composites. The degradation of both composites was also compared in various media.
Experimental methods Materials
PP granules used were manufactured by Cosmoplene Polyolefin Company Ltd., Singapore. The used PP was lightweight, had excellent chemical resistance, and was recyclable. Silk fiber was collected from Bangladesh Sericultural Board, Rajshashi. The fiber was not a degummed fiber and it was yellow in color. The average diameter of used silk fibers was 17 mm. E-glass fiber was purchased from SaintGobain Vetrotex India Ltd. Table 1 gives some properties of these base materials.
Fabrication of composites
PP sheets were fabricated using granules of PP (about 6 gm). The granules were placed into two steel plates. The steel plates were placed into the heat press (Carver, INC, USA Model 3856). The presses were operated at 185 C; 6 bar pressure was applied on steel plates for 1 min. Then, they were cooled for 1 min in a separate press under 6 bar pressure at room temperature. The PP sheets made were cut into desired size for composite fabrication. Composites were prepared by sandwiching three layers of fibers between four sheets of PP. Fibers were placed unidirectionally between PP sheets. This was then placed between two steel plates and heated at 185 C for 1 min and then cooled in another press to 6 bar pressure for 1 min. Both silk fiber and E-glass fiber-reinforced PP matrix composites were fabricated by the process described above. The weight fraction of the fibers in the composites was calculated as 20% for both types of composites.
Water uptake tests of silk fibers
Using deionized water, water uptake tests of silk fibers (about 250 mg) were performed at room temperature (25 C) . Up to 60 min, water uptake of the silk fibers was carried out. Silk samples were placed into static glass beakers containing 100 mL of deionized water. At set time points, samples were taken out and dried for 6 h at 105 C and then reweighed. 23 Excess water on the surface of the samples was removed carefully. The percentage increase in weight during immersion was calculated. Water uptake is determined using the following equation:
where W g is the percentage of weight gained by the sample due to water absorption, W a the weight of the sample after water treatment, and W o the weight of the dry sample before water treatment. 
Mechanical tests
Tensile properties were measured using Hounsfield series S testing machine (UK). A cross-head speed of 1 mm/s at a span distance of 25 mm was maintained during the tests. The dimensions of the test specimen were (ISO 14125): 60 Â 15 Â 2 mm 3 . Composite samples were cut to the required dimension using a band saw. A minimum of 10 specimens were tested in each case to obtain the average value. Tensile properties are determined according to ASTM D638.
Bending properties were determined using the above-mentioned testing machine following ASTM D 790 standard. In each case, 10 samples were used and the average bending properties reported.
IS (Charpy) of the composites was measured using Impact tester (MT-3016, Pendulum type, Germany) and determined according to ASTM D 6110.
Hardness was determined by HPE Shore-A Hardness Tester (model 60578, Germany). In each case, 10 specimens were tested to obtain the average value.
Environmental effect on composites
To find out the effect of environment on both silk/PP and E-glass/PP, composite samples were treated using simulated weathering tester from Q-panel Co. (model QUV, USA). The weathering test was performed in alternating cycles of sunshine over 4 h (65 C AE 2 C) and dew and condensation test over 2 h (45 C AE 2 C). This treatment was carried out for a period of about 600 h. 24 Thermal degradation (at 80 C)
To study the thermal aging, composite samples were placed in a thermo-stated oven (model AA-160, Denver Instrument Company) for different time periods and up to a maximum of 30 days. The loss of tensile strength (TS) of the composite was measured periodically.
Soil degradation of the composites
The composites were cut in 60 Â 30 Â 2 mm 3 size, weighed, and buried in soil at 6 inch depth. The specimens were taken out from the soil, washed with tap water to remove the soil particles from the surface of the specimens, and dried in oven at 105 C for 6 h and then in room temperature for 24 h. 23 Then, the weight loss and mechanical properties of the composites were studied up to 24 weeks of testing. The soil used was a non-calcareous one having pH 5.5 and moisture content 3.7%.
Results and discussion
Comparative studies on mechanical properties of the composites
The mechanical properties (tensile, bending, impact, and hardness) of the matrix PP, silk fiber/PP, and Eglass fiber/PP composites were evaluated and comparative studies of these properties are given in Table 2 . The fiber content of the compression-molded composites was 20 wt% for both silk fiber/PP and E-glass fiber/ pp composites. It was found that fiber reinforcement occurred in both cases and TS, bending strength (BS), tensile modulus (TM), bending modulus (BM), and IS increased significantly. 2 , and 97 Shore A, respectively. In the case of silk composites, the increase in TS was 162% and the increase in TM was 46% (over that of the matrix PP). It was also found that BS, BM, and IS also improved by 94%, 77%, and 295%, respectively, than the matrix material PP. On the other hand, percentage elongation at break (Eb%) was reduced drastically because of low Eb% of the fibers compared to PP. Eb% of the silk/PP composites was 18%. Shore hardness of the composites indicated that due to incorporation of silk fibers inside PP, the Table 2 , it is very clear that E-glass composites exhibited a significant improvement of TS, TM, BS, BM, and IS compared to the matrix PP. The fiber matrix adhesion was expected to be excellent since both PP and the E-glass fibers are synthetic and hydrophobic in nature. This has reflected in the mechanical properties of the E-glass-based composites. E-glassbased composites showed significantly higher TS, TM, BS, BM, and IS over the silk composites. E-glass fiber/ PP composites had 512.9% increase in TS and 713.1% increase in TM over that of the matrix PP. It was also found that BS, BM, and IS improved by 388.3%, 223.1%, and 342%, respectively, than that of the matrix material PP.
E-glass fiber/PP composites had 133.6% and 457.7% improvement of TS and TM over the silk composites. Bending and impact properties also improved and BS, BM, IS increased by 151.5%, 82.6%, and 11.7% than the silk/PP composites, respectively. Hardness (Shore A) of the E-glass composites was found almost similar to silk/PP composites.
Silk is a one of the strongest natural fibers. But E-glass fiber is a very much strong fiber and Table 1 gives that it has almost double TS than silk fiber. Moreover, being synthetic, both E-glass and PP can result better fiber matrix adhesion than silk/PP composite. Thus, the mechanical properties of E-glass/PP composite were greater than those of silk/PP composite. The comparative study of mechanical properties makes it clear that in order to achieve high mechanical strength, E-glass/PP composite is preferred more than natural fiber/PP composite because in spite of being one of the strongest natural fibers, even silk fails to give a composite with about one half strength of E-glass/PP composite.
Water uptake of silk fibers
Water uptake was measured by soaking the samples of silk fibers in a static glass beaker containing deionized water at room temperature (25 C) for 60 min. It was observed that initially, silk absorbs water rapidly, which becomes almost static with time. After 1 min of immersion in water, silk absorbs 12% of water, whereas it absorbs 41% and 53% water after 10 and 60 min of immersion, respectively.
Silk is a natural protein-based polymer and it is hygroscopic in nature. Silk absorbs water because of a high number of peptide bonds and considerable number of polar hydroxyl side-groups, originating from the significant content of serine. The so-called 'structural water' is held tightly in a monolayer by the peptide bonds and polar groups in the chains, while the subsequent layers of water are attached more loosely (i.e., with weaker hydrogen bond). Water absorption plays an important role in the strength reduction of silk fiber. The results are shown in Figure 1 .
Comparative study of environmental effect on the loss of TS of the composites
The specimens of 20 wt% silk/PP and E-glass/PP composites were subjected to simulating weathering test with alternating cycles of sunshine over 4 h and condensation over 2 h. In the weathering tester, high-intensity mercury or Xenon arc, water spray, and humidity control were used. The test was performed over a period of about 600 h. The loss of TS of the both composites due to weathering is represented in Figure 2 . The TS loss of the silk/PP composite sample with the maximum period of observation is about 24.7%, whereas E-glass/PP composite sample lost about 17.9%. The weathering test demonstrated that silk/PP samples lost TS 6.8% more than E-glass/PP; it reveals the fact that E-glass/ PP sample retained much of its original TS than silk/PP even though it was subjected to severe weathering test for 600 h.
Weathering is a process of degradation resulting from UV radiation of sunlight, oxygen, moisture, etc. It can change the morphology of polymeric material by means of chemical cross-linking or chain scission. 25 After periods of weathering, the loss of TS results due to degradation of fibers and matrix. The observed changes can be attributed to the degradation of silk fiber and PP by UV light. 25 ,26 E-glass fiber does not degrade by UV. That is why E-glass/PP composite retains much of its TS than silk/PP composite in this case.
Comparative study of loss of TS of the composites during thermal aging Thermal aging was determined by heating both composite samples at 80 C for 30 days in an oven. The losses of TS of both samples were measured periodically. The results are shown in Figure 3 . The loss of TS increased with heating time. The maximum loss of TS for silk/PP composite was 21.9% and that for E-glass/ PP composite was 11.7% after a 30-day aging period. Thus, E-glass/PP composite retain 10.2% more TS than silk/PP composite at the end of 30-day aging period. The loss may be attributed due to reduction in strength and strain of silk fiber and PP during thermal degradation testing period. The magnitude of the reduction depends on the moisture content, heating medium, exposure period, and species. The loss in E-glass PP composite may led to moisture removal and some strength and strain loss of PP since E-glass fiber does not degrade at the operating temperature. Also, better bonding helps E-glass fiber/PP composite to retain TS more than silk/PP composite.
Relative degradation of the mechanical properties of the composites in soil
Up to 24 weeks, degradation tests of the silk fiber/PP and E-glass/PP composites were performed in soil at ambient condition. TS, BS, TM, and BM losses of both composites during 24 weeks of soil burial test are shown in Figures 4-7 . It was found that TS, BS, TM, and BM decreased slowly with time for E-glass/PP than silk/PP composites.
At the end of 24 weeks of soil degradation, silk/PP composites lost almost 10.9%, 12.1%, 30.8%, and 21.2% of TS, BS, TM, and BM, respectively. On the other hand, E-glass/PP composite lost 0.6%, 0.77%, 3.4%, and 4.6% of TS, BS, TM, and BM, respectively. Thus, it is clear that silk/PP composite lost mechanical properties to a greater extent than E-glass/PP composite. Actually, silk/PP composite lost TS, BS, TM, and BM by 10.3%, 11.33%, 27.4%, and 16.6%, respectively, more than that loss in E-glass/PP composite. The comparative study makes it clear those E-glass/PP composites retain much of their tensile and bending properties after soil degradation test than silk/PP composite.
During soil degradation test, water penetrates from the cutting edges of the composites 23 in silk-based samples and degradation of silk fiber occurs. The water molecules compete with free active side-groups in the system to form crosslink with the fibroin chains. As a result, the structure is loosened and there is a decrease in the force required to rupture the fiber. For this reason, the mechanical properties of the composites decrease significantly.
The macromolecular structure of silk fibers is also responsible for their loss of strength. Any loss of fiber strength could be attributed to either the scission of primary bonds in the backbone of macromolecules and/or the breakage of secondary bonds like hydrogen bonds due to reactive species like water. Water molecules are absorbed by silk fibers in the amorphous domains and compete with the amino acids in the amorphous chain segments for inter-and intramolecular interactions. This competition by water molecules leads to a more open amorphous structure by the replacement of relatively strong inter-and intramolecular interactions in the amorphous domains with water. As a result, lower strength is observed.
The observed strength loss of silk might be a combination of the scissions of both primary and secondary bonds. However, the breakage of secondary bonds within silk fibers in water probably plays a more important role than the scission of primary bonds. This is because the high crystallinity level found in most silk fibers should retard the diffusion of relatively large proteolytic enzymes and hence render resistance of silk fibers to proteolytic enzymes. But E-glass-based composites are strongly hydrophobic. The fiber repels water and does not degrade by water like silk fiber. Thus, E-glass kept much of its integrity during exposure to the soil. 
Conclusion
Natural silk fiber (20 wt%) and synthetic E-glass fiber (20 wt%) reinforced PP composites were prepared by compression molding. The TS, BS, TM, BM, and IS of silk/PP and E-glass/PP composites were measured. From this investigation, it was found that E-glass-based composites had greater TS, TM, BS, BM, and IS compared to that of the silk-based composites. E-glass/PP composites had 133.6%, 457.7%, 151.5%, 82.6%, and 11.7% more TS, TM, BS, BM, and IS, respectively, over the silk/PP composites. Silk is a natural biodegradable polymer and simulating weathering aging, thermal degradation, and soil degradation at ambient condition of silk/PP composite showed that silk/PP composite losses strength to a greater extent than that of E-glass/PP composite. The comparative study makes it clear that the E-glass/ PP composite has more than double tensile and BSs than one of the strongest natural fibers, silk/PP composite, and it retains its strength for a longer time also.
